e analysed the cellular immune response in ten transplantations of different massive bone allografts, of which five had a poor clinical outcome. Cytotoxic T lymphocytes (CTL) and T helper lymphocytes (TH) against mismatched donor antigens were found in all patients. More importantly, CTL with a high affinity for donor antigens were found in five cases. High-affinity CTL need no CD8 molecule to stabilise the antigen binding and are strongly associated with rejection of heart and corneal transplants. Even after removal of most of the bone-marrow cells, we found high-affinity CTL and high TH frequencies. This T-cell response could be detected over a period of years.
Frozen bone allografts are used without HLA matching or immunosuppressive drugs. Deep-freezing kills most bone cells and reduces the immunogenicity significantly, but frozen bone allografts may still evoke an immune response. [1] [2] [3] [4] [5] [6] [7] The precise mechanism of this and its effect on incorporation of the graft are poorly understood. Donor-specific antibodies and cell-mediated immunity have been found after transplantation of frozen bone allografts, 3, [5] [6] [7] [8] as have histological signs suggestive of immunological rejection. 5, 9 Animal studies have shown a beneficial effect of histocompatibility matching and the use of immunosuppressive drugs on the incorporation of frozen allografts, 10, 11 but in man there are still difficulties in correlating the immunological response with the outcome of the graft. 5, 7, 8 Chronic rejection of allografts is considered to be mediated primarily by T cells rather than antibodies. [12] [13] [14] [15] Therefore the most direct way to assess the importance of the immune response in transplantation of a bone graft is to analyse T-cell characteristics and incorporation of the graft. This hypothesis is supported by the accepted central role of T cells and their secreted cytokines in the regulation of bone remodelling. 4, 16 T cells can be divided into two subsets with distinctive functions, cytotoxic T lymphocytes (CTL) which recognise HLA class-I antigens and T helper lymphocytes (TH) which recognise HLA class-II antigens. The major function of the CTL in the allograft response is presumably to act as cytotoxic effector cells causing tissue damage. One of the functions of TH cells is to help in the maturation of CTL. Binding of foreign antigen to the T-cell receptor is stabilised by the CD8 molecule on the CTL and by the CD4 molecule on the TH.
Stimulation in vivo with donor antigens (priming) leads to the development of CTL resistant to inhibition by monoclonal antibodies against CD8 (anti-CD8). [17] [18] [19] In contrast to naive CTL, these primed CTL appear to have a high affinity for donor antigens since there is no need for CD8 molecules to stabilise antigen binding. 17 In heart and corneal transplants, the presence of high-affinity CTL in the peripheral blood has been strongly correlated with immunological rejection. 18, 20 Increased frequencies of circulating donor-specific TH have also been associated with immunological rejection of heart transplants. 21 We have studied whether such high-affinity cells are present in human recipients of frozen bone allografts, and if qualification and quantification of the cellular immune response were possible. The frequencies of circulating CTL and TH cells directed against mismatched donor antigens were determined by limiting dilution analysis (LDA) assays. The affinity of the donor-specific CTL was determined on the basis of their resistance in vitro to anti-CD8.
We studied seven patients who had received a total of ten massive frozen allografts after resection of a primary bone tumour (Table I) . Recipients of different sizes and types of allograft were selected to evaluate the effect of the antigen load on the immunogenicity. Six grafts were osteoarticular and two were allograft-prosthesis composites (cases 1B, 6A). Of the latter, the cartilage and (most) bone-marrow cells were removed. Two fibular allografts were used for intramedullary fixation of the allograft. The two female patients had not been exposed to alloantigens by pregnancy. Two patients (cases 1B, 5B) received blood transfusions before and four (cases 1A, 3, 5A, 6) after bone transplantation. Four had had chemotherapy but their white blood counts were within normal limits at the time of the study.
All grafts (Netherland Bonebank Foundation (DBF), Lieden, The Netherlands) were processed under sterile conditions and stored at -80°C without additional sterilisation. The articular cartilage was preserved with 8% dimethylsulphoxide. The fibular grafts were processed, defatted and washed in 98% ethanol. The selection of the graft was based on a radiological comparison of the size of the allograft and the resected bone (Table I ). All donors and recipients were typed for HLA class-I and class-II antigens before grafting using standard serological methods. Transplantation was performed without any respect to the HLA match (Table II) .
The patients were followed for more than three years. We especially looked for complications which were potentially related to an immune response against the allograft, such as inadequate union, massive resorption, fractures and infections. 22 We considered the outcome of the graft to be good if host-graft union took place within one year and no complications occurred. Five transplantations had a good graft outcome and five were poor (Table I) . One allograft (case 1A) was resected 28 months after operation because of a fracture and a new graft was transplanted (case 1B). In one patient (case 5A/B) a chronic infection developed 24 months after refixation and amputation was necessary. Nonunion occurred in four patients (cases 1A, 4, 5A, 6A). They were treated successfully by autogenous grafting and refixation.
Collection of blood samples and isolation of peripheral blood mononuclear cells. Sera for antibody determination and mononuclear cells for the LDA assay were isolated 1 to 41 months after transplantation. Antibody formation. The sera from each patient were tested against a panel of at least 50 HLA-typed lymphocyte donors. The reactivity was expressed as a percentage of panel-reactive antibodies (PRA). Combined limiting dilution analysis (LDA) assay. Precursor frequencies of CTL and TH were determined in a combined LDA assay (Fig. 1) . 23 Peripheral blood mononuclear cells of patients were used as responder cells. They were cultured in RPMI 1640, Dutch modification (Gibco, Paisley, UK) with 3 nM L-glutamine (Gibco) and 10% pooled human serum (referred to as complete medium). These responder cells were set up in 12-replicate wells at 40 000 cells per well in 50 µl of medium with serial twofold dilution across two 96-well V-bottom plates (Greiner, Frickenhausen, Germany * fit was considered good if discrepancy of articular surfaces was less than 4 mm and the gap at the osteosynthesis site was less than 1.5 mm † graft outcome was considered good if union took place within one year and no complications occurred ‡ chemotherapy cells therefore ranged from 40 000 to 625 cells per well. Control wells were prepared containing no cells.
As stimulator cells we used cells obtained from the donor's spleen. When splenic cells were not available we used peripheral blood mononuclear cells from healthy volunteers who carried HLA antigens for which the bone donor was mismatched to the patient. The stimulator cells were irradiated with 50 Gy to prevent proliferation. They were added to the responder cells at 50 000 cells per well in 50 µl of complete medium.
After three days of culture at 37°C in a humidified atmosphere containing 5% CO 2 , the supernatants were harvested (80 µl per well) and transferred to U-bottom 96-well plates (Costar, Cambridge, Massachusetts). To determine TH frequencies, the supernatants were tested for the presence of interleukin-2 (IL-2) in the CTLL-2 bioassay as described below.
The remaining cells were transferred to U-bottom plates and were cultured for another seven days at 37°C in a humidified atmosphere containing 5% CO 2 in the presence of 20 U/ml of IL-2 (human recombinant IL-2; Cetus, Amsterdam, The Netherlands) in 200 µl/well of complete medium. To determine CTL frequencies, a cell-mediated lympholysis (CML) assay was performed as described below. CTLL-2 bio-assay. To determine the amount of IL-2 present in the supernatants we used an IL-2-dependent murine CTLL-2 cell line. 24 The supernatants were thawed and CTLL-2 cells which had been cultured in IL-2-free medium for 24 hours were added at 3000 cells/well to the plates. After incubation for three days at 37°C we added lysingstaining-quenching medium containing Triton-X-100 (Fluka, Buchs, Switzerland) ink (Leitz, Wetzlar, Germany) and propidium-iodide (Sigma, St Louis, Missouri) in EDTA buffer. The plates were read by automated fluorescence microscopy (Leica-Patimed, Wetzlar, Germany) which measures photometer values (mV) to determine the number of propidium-iodide-stained nucleated cells and thus the proliferation of the CTLL-2 cells. The proliferation of the latter is dependent on the amount of IL-2 present in the supernatants and is a measure of the number of IL-2-secreting cells present in the responder-cell fraction. TH cells are considered to be mainly responsible for the production of IL-2.
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CML Europium release assay. The target cells which we used were obtained from the donor's spleen or, when not available, peripheral blood mononuclear cells from healthy volunteers which were completely mismatched with the stimulator cells except for the HLA antigens which the stimulator cells shared with the bone donor. These HLA antigens are indicated as 'tested HLA-mismatches' in Table  II .
Before addition of the target cells, the cultures were divided into two groups. Half of the wells were incubated 
Frequencies of CTL.
In all patients who received a bone allograft, CTL frequencies directed against mismatched donor HLA class-I antigens were detectable (Table II) . These varied from 8 to 431 cells per million peripheral blood cells. As expected, the frequencies of CTL against individual HLA antigens were lower than those against a group of mismatched HLA antigens (cases 1A, 7). Frequencies of CTL in patients with good and poor graft outcome were within the same range. Frequencies of CTL with high affinity. After addition of anti-CD8 in the cytotoxic phase, the inhibition of CTL frequencies varied from 0% to 100% (Table II) . The CTL were inhibited less if reactivity was tested against a group of mismatched HLA antigens as compared with individual mismatched HLA antigens (cases 1A, 7). In five patients Diagram showing the combined LDA assay to estimate the frequencies of CTL and TH from the peripheral blood. Before the addition of the target cells, half of the culture is incubated by anti-CD8 to test the affinity of CTL for donor antigens.
( cases 1A, 3, 4, 5B, 7) the CTL demonstrated inhibition of less than 60%, showing that a considerable proportion of the CTL had a high affinity for donor HLA antigens. Two of these patients had never been exposed to alloantigens by blood transfusions or pregnancy. All but one of the patients with anti-CD8-resistant CTL had a poor graft outcome (Table I) . Of the three patients (cases 1B, 2, 5A) with CTL responses which could be inhibited well by anti-CD8 when tested against single HLA antigens, two had a good graft outcome. Frequencies of TH. The TH frequencies were only determined in patient-donor combinations with at least one HLA-DR mismatch (Table II) . In three patients (cases 1A, 6A, 6B) donor spleen cells, instead of peripheral blood mononuclear cells which carried the HLA-DR antigens of the donor, had been used as stimulator. TH frequencies against mismatched donor HLA class-II antigens were detected in all tested patients. The TH frequencies varied from 51 to 1425 per million peripheral blood cells. The four highest frequencies were found in the patients with poor graft outcome (cases 1A, 3, 4, 6A). Relatively low frequencies of TH were found against donor HLA antigens of the defatted fibulae (cases 5B, 6B). Antibodies. Panel-reactive antibodies were found in four patients (cases 1, 4, 6, 7) (Table II) . All had antibodies against donor HLA-A or HLA-B antigens. There was no clear relationship between CTL and TH characteristics and the presence or absence of an antibody response.
Discussion
We have investigated the frequencies and affinity of cytotoxic T lymphocytes (CTL) and T helper lymphocytes (TH) directed against mismatched donor HLA antigens in the peripheral blood of recipients of frozen bone allografts. Significant frequencies of CTL and TH were found in all recipients. This agrees with the findings of Stevenson 6 and Musculo et al 5 who found a cell-mediated immune response after transplantation of frozen bone allografts. More importantly, we detected CTL with high affinity for donor-specific HLA antigens which were resistant to inhibition by monoclonal antibodies against CD8 (anti-CD8). We found that the CTL frequencies after transplantation of frozen bone allografts were in the same range as those after corneal transplantation. 20 The clinical significance of absolute CTL frequency determinations in cultures from the peripheral blood is not completely clear. 19, 28 In mice, an increase in CTL frequency was associated with allograft rejection. 28 In man, the presence of high-affinity donorspecific CTL, more than absolute frequencies, has been correlated with heart and corneal allograft rejection. 18, 20 In about half of the recipients of frozen bone grafts, a considerable proportion of the CTL was not inhibited by anti-CD8. The occurrence of anti-CD8-resistant, high-affinity CTL is usually the result of activation in vivo by donor-specific HLA class-I antigens. 19 These primed CTL apparently have a high affinity for the target since there is no need for the CD8 molecule to stabilise antigen binding. 17 Thus, our results show that frozen human allogeneic bone can prime CTL and that these cells can be found in the peripheral blood. The maturation of CTL strongly depends on the presence of IL-2, mainly produced by TH. 25 In heart transplants, there is a correlation between increased frequencies of circulating donor-specific TH and graft rejection. 21 We found the highest TH frequencies in the patients with a poor graft outcome, which may suggest that a high TH frequency is predictive of rejection of bone graft. The TH can be stimulated by the direct presentation of class-II antigens on surviving donor cells, or by the indirect presentation of donor-derived antigens (peptides) by host antigen-presenting cells. After transplantation of non-viable frozen bone allografts, antigens are most likely presented by the indirect route and hereby primarily activate TH. 12 The activated TH secrete cytokines which can induce resorption of osteoclastic bone and failure of graft incorporation. 4, 16 In our study, the presence of HLA-specific antibodies did not always correlate with T-cell characteristics. For example, we found primed CTL and high frequencies of TH in a patient who did not develop specific HLA antibodies. The correlation between the humoral and cellular response to alloantigens is not completely clear. [28] [29] [30] Roelen et al 19, 31 found that the presence of high-affinity CTL may be related to the type of HLA mismatch and the immunoglobulin class of the antibodies. Strong et al between donor-specific IgG antibodies and bone graft outcome. Many, however, consider the formation of antibodies to be not directly relevant to the chronic rejection process of non-viable frozen bone allografts, which is primarily Tcell mediated. 12, 13 We found high-affinity CTL and high TH frequencies even after transplantation of grafts, from which most cells had been removed. Primed CTL were found after transplantation of a processed fibular graft (case 5B). The interpretation of this T-cell response was complicated by the development of an infection, which was noticed clinically months after the immunological testing. Although an infection will cause massive infiltration of the graft with immune cells, 16 the presence of high-affinity donor-specific CTL is clearly the result of a specific immune response. A high frequency of TH was detected after transplantation of a graft from which most bone-marrow cells and cartilage had been removed (case 6A). In these cases, the cellular immune response may be evoked by the remaining cells in the endosteal surface or perhaps by non-cellular antigens such as collagen and matrix proteins. 16, 32, 33 The cellular response could be measured over a long period. We found high-affinity CTL and high frequencies of TH more than two years after transplantation. A massive bone allograft is a so-called depot of antigen which may provide a slow but continuous release of antigens over a long period of time, probably facilitated by low-grade, persistent resorption. 30 The interpretation of our data on the induction of an immune response by frozen bone allografts is complicated by the exposure of some patients to alloantigens by previous blood transfusions. HLA-mismatched blood transfusions can also induce high-affinity CTL against blood donor-specific antigens. 34 However, considering the enormous polymorphism of the HLA system, the probability of the same mismatch between the patient and bone or blood donor is extremely small. On the other hand, the presence of donor-specific CTL with high affinity in two men (cases 4, 7), who had never received blood transfusions, shows clearly the induction of high-affinity CTL by frozen bone allografts. These high-affinity donor-specific CTL appear after stimulation in vivo (priming) with donor antigens and are not present before transplantation. [17] [18] [19] Although not the primary goal of our study, we also looked for a correlation between T-cell characteristics and graft outcome. Patients with high frequencies of TH and those with high-affinity CTL more often showed poor graft outcome. No clear relationship was found in our diverse group. Poor fit and fixation may be responsible for some of our observed nonunion as may the adjuvant chemotherapy. 35 Each can lead to failure in the absence of a considerable immune response. On the other hand, of the three patients with good fit and fixation and no chemotherapy, only the one with high-affinity CTL and high TH frequency showed no incorporation of bone graft. A multifactorial analysis of a larger and more uniform group is necessary to establish the role of the immune response on the incorporation of the graft. The in vitro assay which we used allows the quantification and qualification of the T-cell response in recipients of frozen bone grafts. The current approach is attractive because it is non-invasive and can be carried out as often as required. Although the graft itself is considered to be the most informative site for the detection of cells which are relevant for rejection, 5, 18, 28 a bone transplant biopsy is difficult to obtain and the cellular infiltrate is generally not uniform and difficult to interpret. 9, 30 In conclusion, frozen massive bone allografts are capable of inducing CTL with high affinity for donor-specific HLA antigens. Participation of donor-specific TH in the immune response was also shown. The present in vitro assay allows quantification and qualification of these donor-specific CTL and TH responses in the peripheral blood. Since the chronic rejection of the allograft is considered to be primarily mediated by T cells, [12] [13] [14] [15] with an important role for highaffinity CTL and TH, 18, 20, 21 our approach may be helpful in establishing the effect of the immune response on the incorporation of bone graft.
